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INTRODUCTION  AND  SUMMARY 


Attachment  lugs  can  be  some  of  the  most  fracture  critical  components 
in  aircraft  structure,  and  the  consequences  of  structural  lug  failure  can 
be  very  severe.  Therefore  a  42-month  research  program  was  initiated  in 
1980  to  develop  the  design  criteria  and  analytical  methods  necessary  to 
ensure  the  damage  tolerance  of  aircraft  attachment  lugs.  The  program, 
summarized  in  Figure  1-1,  consisted  of  seven  tasks,  proceeding  logically 
from  an  extensive  cracking  data  survey  and  assessment  of  nondestructive 
inspection  (NDI)  capabilities,  through  analysis  methods  development  and 
evaluation,  to  the  recommending  of  damage  tolerance  design  criteria  for 
lugs.  This  is  Volume  V  of  a  six-volume  sequence  of  final  reports 
(References  [1]  -  [5])  covering  these  tasks. 

Task  I  involved  a  survey  of  structural  cracking  data  such  as  the 
initial  flaw  size,  shape  ard  location  which  occur  in  aircraft  attachment 
lugs.  Sources  for  these  data  included  the  open  literature,  available 
Lockheed  data,  and  visits  to  the  five  Air  Force  Air  Logistics  Centers 
(ALC’s).  The  types  of  aircraft  structure  used  to  obtain  these  data  include 
service  aircraft,  full-scale  component  tests,  and  lug  coupon  specimens. 

Task  II  assessed  the  current  NDI  capability  to  find  these  flaws  or 
cracks.  This  assessment  was  based  upon  information  obtained  from  the  open 
literature,  available  Lockheed  NDI  data  and  experience,  and  Air  Force  ALC 
data.  The  NDI  techniques  capable  of  finding  flaws  in  attachment  lugs  and 
the  flaw  sizes  these  techniques  are  capable  of  finding  were  identified. 
The  results  obtained  from  Tasks  I  and  II  are  summarized  in  Section  II  of 
this  report.  These  results  are  used  in  the  formulation  of  the  initial  flaw 
assumptions  developed  in  Task  VII  as  part  of  the  damage  tolerant  design 
criteria  for  attachment  lugs. 
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Task  III  involved  the  development  of  three  different  levels  of  com¬ 
plexity  and  degrees  of  sophistication  for  determining  stress  intensity 
factors  for  single  corner  cracks  and  single  through-the-thickness  cracks  in 
aircraft  attachment  lugs,  and  the  development  of  crack  growth  analyses 
capable  of  predicting  the  growth  behavior  of  these  cracks  and  the  residual 
strength  of  these  lugs.  This  work  is  summarized  in  Section  III. 

The  methodology  developed  in  Task  III  was  used  in  Task  IV  to  predict 
the  residual  strength  and  the  crack  growth  behavior  for  a  number  of 
different  geometries  and  test  conditions  defined  in  the  experimental 
program.  These  predictions  were  made  prior  to  testing.  Two  groups  of 
attachment  lug  geometries  were  tested  in  Task  V.  The  correlations  of  test 
results  and  analytical  predictions  constituted  Task  VI.  The  analytical 
methods  developed  in  Task  III  were  evaluated,  by  correlating  the  analytical 
predictions  made  in  Task  IV  with  the  Group  I  experimental  test  data,  and  a 
single  method  was  selected  for  use  in  prediction  of  Group  II  tests. 
Further  evaluation  of  the  selected  method  was  made  by  correlating  the 
analytical  predictions  for  the  Group  II  tests  (Task  IV)  with  the  experi¬ 
mental  test  results  (Task  V).  The  experimental  results  and  comparisons 
with  analysis  are  presented  in  Section  IV. 

Damage  tolerant  design  criteria  for  aircraft  attachment  lugs  were 
developed  in  Task  VII.  These  criteria  are  similar  in  nature  to  those  of 
Military  Specification  MIL-A-83444,  (Reference  [6])  and  require  crack 
growth  analyses  by  the  types  of  methods  developed  and  verified  in  Tasks  III 
through  VI.  The  recommended  criteria  are  presented  in  Section  V. 

As  Figure  1-1  shows,  the  following  sequence  of  final  report  volumes  is 
generated  to  cover  the  work  conducted  under  this  project: 


Volume  I. 

Volume  II. 

Volume  III. 

Volume  IV. 


Cracking  Data  Survey  and  NDI  Assessment  for  Attachment  Lugs 

Crack  Growth  Analysis  Methods  for  Attachment  Lugs 

Experimental  Evaluation  of  Crack  Growth  Analysis  Methods  for 
Attachment  Lugs 

Tabulated  Test  Data  for  Attachment  Lugs 


3 


Volume  V.  Executive  Summary  and  Damage  Tolerance  Criteria 
Recommendations  for  Attachment  Lugs 

Volume  VI.  User’s  Manual  for  ’’LUGRO"  Computer  Program  to  Predict  Crack 
Growth  in  Lugs 
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SECTION  II 


SERVICE  CRACKING  SURVEY  AND  NDI  ASSESSMENT 


The  cracking  data  survey  and  NDI  evaluation  [1]  were  carried  out  to 
examine  the  origin  causes  of  cracking  in  attachment  lugs,  the  causes  of 
failure,  the  initial  crack  type,  shape,  and  location,  the  likelihood  of 
multiple  cracking,  the  critical  crack  size,  and  to  estimate  inspectable 
flaw  sizes  for  lugs. 

1.  CAUSES  OF  SERVICE  CRACKING  AND  SERVICE  FAILURES 


Corrosion/stress  corrosion  and  fatigue/fretting  are  the  two  major 
causes  of  initial  cracking  in  aircraft  lugs  in  service.  Only  8  of  the  160 
service  failures  surveyed  (5  percent)  were  traced  to  initial  defects. 

As  Figure  2-1  shows,  fatigue  crack  growth  and  stress  corrosion  crack¬ 
ing  are  also  the  two  leading  causes  of  service  failures  in  lugs.  Static 
overload  is  the  third  major  cause.  These  results  vary  somewhat  with 
material.  In  aluminum  lugs  in  service,  fatigue/fretting  and  corrosion/ 
stress  corrosion  are  about  equally  likely  causes,  both  for  crack  initiation 
and  crack  growth.  In  steel  lugs,  however,  corro3ion/stress  corrosion  is 
the  more  frequent  cause  by  a  ratio  of  more  than  two  to  one. 

In  the  service  data  survey,  the  55  failures  resulting  from  fatigue 
crack  growth  were  given  special  attention;  Figure  2-2.  Of  these,  42  of  the 
cracks  (76  percent)  initiated  by  fatigue/fretting  and  only  six  (11  percent) 
from  initial  defects. 

2.  CRACK  TYPE.  SHAPE  AND  LOCATION 

The  common  initial  crack  types  for  lugs  in  service  are  surface  cracks 
in  the  bore  of  the  hole,  corner  cracks,  and  surface  cracks  on  the  lug  face 
near  the  hole,  in  that  order. 

The  presence  of  a  bushing  or  bearing  tends  to  affect  the  type  of 
initial  crack.  Surface  cracks  in  the  bore  of  the  hole  occur  more 
frequently  and  surface  cracks  on  the  lug  face  less  frequently  in  lugs  with 
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Figure  2-1.  Causes  of  Failure  for  Lugs  in  Service 
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Figure  2-2.  Results  for  55  Lugs  that  Failed  in  Service  by 
Fatigue  Crack  Growth 


bushings  or  bearings;  the  reverse  was  true  in  lugs  without  bushings  or 
bearings. 

Corner  cracks  were  the  most  common  initial  crack  type  in  the  55 
service  failure  cases  which  failed  in  fatigue,  occurring  38  percent  of  the 
time;  Figure  2-2(b).  Corner  cracks  were  also  the  most  common  initial  crack 
type  in  full-scale  fatigue  tests  of  lugs.  This  is  in  contrast  to  the  cases 
which  failed  by  stress  corrosion,  where  only  12  percent  were  corner  cracks 
compared  to  47  percent  surface  cracks  in  the  hole  bore. 

The  predominant  shape  of  corner  cracks  in  lugs  can  be  estimated  from 
lug  coupon  fatigue  data.  Coupon  data  from  the  literature  indicated  that 
the  ratio  of  depth  "a"  to  radial  length  wc"  of  a  corner  crack  in  a  lug 
without  out-of-plane  bending  tends  to  be  about  1.3  or  greater. 

Criteria  for  crack  location  can  be  evaluated  using  lug  coupon  fatigue 
data.  Based  on  data  reviewed  in  [1],  crack  location  3eeraed  to  coincide 
with  either  the  maximum  tangential  stress  location  or  the  location  of  the 
edge  of  the  zone  of  contact  with  the  pin.  These  locations  can  be  calcu¬ 
lated  by  finite  element  analyses,  and  depend  on  load  direction,  fit  of  the 
pin  or  bushing,  and  to  a  lesser  extent  load  magnitude. 

3.  CRACK  MULTIPLICITY 


Multiple-origin  cracks  and  cracks  on  both  sides  of  the  lug  hole  are 
common  in  lug  fatigue  coupons  which  have  no  preflaws  and  no  compressive 
residual  stresses.  In  the  55  service  fatigue  failure  cases  surveyed, 
multiple-origin  cracks  and  cracking  on  both  sides  of  the  hole  occurred 
almost  as  frequently  as  single-origin  cracking.  Figure  2-2(c).  Full-scale 
fatigue  test  results  for  24  lugs  show  the  same  trend  with  respect  to  flaw 
multiplicity. 

When  multiple  crack  origins  along  the  hole  bore  coalesce  they  tend  to 
form  a  through-thickness  crack  at  a  relatively  short  radial  length. 

4.  CRITICAL  AND  INSPECTABLE  CRACK  SIZES 


The  critical  crack  size  reported  for  35  service  fatigue  failures  of 
lugs  in  Air  Force  aircraft  structure  are  summarized  in  Figure  2-3.  The 
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median  critical  crack  size  was  0.125  inch  radial  length.  Twenty-five 
percent  of  the  critical  crack  sizes  were  under  0.070  inch  radial  length. 

These  small  critical  crack  sizes  in  lugs  seem  to  suggest  that  required 

✓ 

initial  flaw  sizes  for  damage  tolerance  design  of  lugs  mu3t  also  be  small; 
otherwise  these  requirements  can  be  too  costly  on  lug  design. 

The  problem  of  establishing  reliably  detectable  initial  flaw  size3  for 
lugs  is  a  statistical  problem  requiring  inspection  data.  Howe/er,  statis¬ 
tical  NDI  data  on  lugs  are  not  available  to  establish  the  detectable  flaw 
size  for  a  required  detection  probability  and  confidence  level.  Therefore, 
an  inspectable  flaw  size  can  only  be  proposed  or  hypothesized,  subject  to 
verification. 

A  corner  crack,  or  surface  crack  at  the  hole  bore,  0.025  inch  in 
radial  length  appears  feasible  for  manufacturing  inspection  and  possibly 
for  inspection  at  time  of  overhaul  of  the  lug  using  selected  methods, 
special  steps  to  improve  inspector  reliability,  and  perhaps  multiple 
inspections.  A  thorough  NDI  verification  program  would  be  needed  to 
substantiate  that  this  flaw  size  can  be  detected  with  90  percent 
reliability  and  95  percent  confidence. 

However,  the  question  remains  whether  inspectability  alone  can  be  used 
as  the  basis  for  initial  flaw  sizes.  As  mentioned  above,  only  a  small 
percentage  of  the  lug  service  failures  surveyed  in  Task  I  were  traced  to 
undiscovered  initial  defects.  The  balance  of  the  failures  would  have  been 
unaffected  by  improved  flaw  detection  practices.  Presupposing  that  an  aim 
of  new  damage  tolerance  design  requirements  for  lugs  will  be  to  prevent  a 
significant  percentage  of  the  type  of  failures  in  the  survey,  other  aspects 
than  inspectability  must  be  addressed  as  well  in  the  process  of  creating 
those  requirements.  This  observation  leads  to  continued  discussion  in 
Section  V  of  this  report. 
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SECTION  III 


CRACK  GROWTH  ANALYSIS  METHODS 


Analytical  methods  have  been  presented  in  [2]  to  predict  both  fatigue 
crack  growth  and  residual  strength  of  cracked  attachment  lugs.  Crack 
growth  analysis  includes  the  following  elements: 

o  Stress  intensity  factor  solution 
o  Baseline  crack  growth  rate  relationship 

o  Applied  load  sequence 

o  Spectrum  load  interaction  model 

As  summarized  below,  the  emphasis  in  [2]  was  upon  the  calculation  of 
stress  intensity  efactors,  with  only  a  brief  discussion  of  the  alternative 
constant  amplitude  fatigue  crack  growth  rate  relationships  and  spectrum 
load  interaction  models. 

1.  STRESS  INTENSITY  FACTORS  FOR  STRAIGHT  LUGS 


Several  alternative  methods  wore  presented  in  [2]  for  the  calculation 
of  stress  intensity  factors  for  straight  attachment  lug3  subjected  to  axial 
loading.  These  methods  include  the  simple  compounding,  two-dimensional 
cracked  finite  element,  weighting  function,  and  three-dimensional  cracked 
finite  element  method.  Parameters  and  complexities  covered  in  the  stress 
intensity  factor  solutions  presented  for  straight  lugs  are  outer-to-inner 
radius  ratio  (1.50  to  3.0),  crack  geotrietry  (single  corner  crack,  through- 
the-thickness  crack,  and  the  intermediate  transition),  crack  length  (mea¬ 
sured  on  lug  face  and  along  bore  of  hole),  change  in  distribution  of  pin 
bearing  pressure  due  to  crack  length  change,  ratio  of  pin  modulus  to  lug 
modulus  (1.0  or  3.0),  interference-fit  bushings,  and  elastoplastic  analysis 
when  the  peak  stress  at  the  hole  exceeds  the  material  tensile  yield 
strength. 

A  two-dimensional  finite  element  analysis  was  used  to  compute  the 
stress  distribution  in  an  uncracked  lug.  The  calculated  stress  distribu- 


tions  along  the  potential  crack  path  are  given  in  Table  3-1  for  lugs  of 

various  R  /R.  ratios, 
o  i 

The  compounding  method  combines  known  solutions  to  obtain  an  engineer¬ 
ing  approximation  for  the  stress  intensity  factor.  The  approximation  is 
given  by 


KLUG  =  2  (K41  + 


(3-1) 


Equations  for  and  are  given  in  Appendix  A  of  [2]. 

The  two-dimensional  cracked  finite  element  method  properly  models  the 
crack  tip  stress  singularity  and  the  distribution  of  pin  bearing  pressure, 
which  changes  drastically  with  crack  length.  The  stress  intensity  factors 
calculated  by  this  method  are  listed  in  Table  3-2. 

The  weighting  function  method  calculates  the  stress  intensity  factor 
as  the  integral  of  the  product  of  the  stress  in  the  uncracked  lug  times  the 
Green's  function  for  the  lug:  ^ 


•^Tc /( 


7TC  / G(C,X/C)  <7(x)d(x/c) 


(3-2) 


o 

The  Green's  functions  for  straight  lugs  were  developed  using  two- 
dimensional  cracked  finite  element  analyses  with  point  loads  applied  on  the 
crack  surface.  However,  these  "original"  Green's  functions,  when  used  with 
the  stress  distribution  in  the  uncracked  lug  from  Table  3-1,  obtain 
results  at  variance  with  those  of  the  two-dimensional  cracked  finite 
element  analysis.  The  discrepancy  arises  because  the  Green's  function 
method  fails  to  account  for  the  change  in  the  distribution  of  pin  bearing 
pressure  as  the  crack  grows.  To  correct  the  discrepancy,  the  original 
Green '3  functions  were  modified  such  that  the  cracked  finite  element 
results  are  exactly  duplicated  when  these  modified  Green’s  functions  are 
used.  The  original  and  modified  Green's  functions  are  listed  in  Tables  3-4 
through  3-9  of  [2]. 

Figure  3-1  compares  the  stress  intensity  factors  for  through-the- 
thickness  cracks  computed  by  the  various  methods.  Reasonable  agreement 
among  all  methods  is  obtained  at  Rq/R^  ratios  of  2.25  and  3.0,  but  not  at 


12 


k 


I 

ii 


13 


^Extrapolated  Values 


R  /R.  =  1.50.  Thus,  any  method  could  be  U3ed  for  larger  R  /R.  ratios,  but 
o  i  o  i 

the  more  rigorous  two-dimensional  cracked  finite  element  method  (or  equiva¬ 
lently,  the  Modified  Green’s  function  method)  is  preferred  when  R  /R.  < 

o  l 

2.0. 

The  weighting  function  method  can  be  applied  to  account  for  residual 
stresses  caused  by  a  shrink-fit  bushing.  Assuming  the  lug  and  bushing 
remain  in  intimate  contact  during  loading,  the  stress  intensity  factor  is 
calculated  by  Equation  (3-2)  where  stress  <7(x)  is  the  sum  of  the  residual 
stress  caused  by  bushing  installation  plus  the  distribution  of  stress 
caused  by  the  applied  load.  The  residual  stress  is  estimated  from  the 
closed-form  solution  for  two  concentric  cylinders.  The  applied  stress  is 
obtained  from  two-dimensional  finite  element  analysis  of  an  uncracked  lug 
in  intimate  contact  with  a  neat-fit  bushing.  If  the  bushing  and  lug  are  of 
the  same  material,  then  the  applied  stress  distribution  can  be  obtained 
from  Table  3-1 .  This  method  can  give  unconservative  results  when  sepa¬ 
ration  occurs  between  the  bushing  and  lug.  An  improved  method  which 
considers  separation  is  presented  in  [33  and  summarized  later  in  this 
section. 

The  solution  methods  for  through-the-thickness  cracks  can  be  modified 
to  analyze  a  corner  crack,  utilizing  a  corner  crack  correction  factor, 
along  with  a  way  to  account  for  the  transitional  behavior  as  the  corner 
crack  becomes  a  through-the-thickness  crack.  Two  alternative  correction 
factor  approaches  were  suggested  in  [2],  a  one-parameter  and  a  two- 
parameter  method. 

In  the  one-parameter  method,  the  flaw  shape  is  assumed  to  be  constant 
(e.g.,  a/c  =  1.33),  and  the  stress  intensity  factor  at  the  lug  surface 
point  (Point  C)  is  calculated  by  multiplying  the  stress  intensity  factor 
for  a  through-the-thickness  crack  by  the  following  factor: 


(3-3) 


This  equation  applies  to  the  crack  throughout  its  growth  from  corner  crack, 
through  transition,  to  a  through-the-thickness  crack. 

In  t,.e  two-parameter  method,  the  equations  shown  in  Figure  3-2  are 
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Figure  3-2.  Two-Parameter  Corner  Crack  Stress  Intensity  Factor  Formulas 
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used  to  compute  stress  intensity  factors  at  the  lug  surface  and  hole  wall 
(Points  C  and  A).  The  method  used  during  the  transition  to  a  through-the- 
thickness  crack  is  based  on  the  approach  proposed  by  Collipriest  and  Ehret 
[73. 

A  three-dimensional  cracked  finite  element  method,  although  too  expen¬ 
sive  for  general  application,  was  used  to  compare  the  corner  crack  stress 
intencity  factors  generated  by  the  compounding  and  Green’:.  function 
methods.  The  comparison  is  shown  in  Figure  3-3  in  terms  of  values  of  cor¬ 
ner  crack  correction  factors  at  the  lug  surface  by  all  the  three  methods. 

At  elastoplastic  analysis  was  developed  for  use  when  the  peak  stress 

in  the  uncracked  lug  exceeds  the  material  tensile  yield  strength.  An 

iterative  finite  element  analysis  with  incremental  loading  and  unloading  is 

used  to  calculate  the  stress  distributions  in  the  uncracked  lug  for  the 

maximum  and  minimum  loads  of  the  fatigue  cycle.  These  stress  distributions 

are  used  with  the  modified  Green’s  function  to  estimate  K  and  K  .  for  a 

max  min 

lug  with  a  through-the-thickness  crack.  This  nonlinear  method  is  inexact, 
because  strictly  speaking  the  validity  of  the  Green’s  function  method 
requires  linearity  between  load  and  stress. 

2.  STRESS  INTENSITY  FACTORS  FOR  TAPERED  LUGS 


Finite  element  analyses  were  employed  [2]  to  obtain  stress  intensity 
factors  for  tapered  attachment  lugs  subjected  to  either  axial  or  off-axis 
loading.  Only  unbushed  lugs  with  a  45-degree  taper  angle  were  analyzed. 

A  two-dimensional  finite  element  analysis  was  used  to  calculate  the 
critical  locations  for  cracking  and  the  stress  distribution  in  an  uncracked 
lug.  For  axial  as  well  as  off-axis  loading,  there  are  two  angular  loca¬ 
tions  of  peak  tangential  stresses.  Figure  3-4  shows  these  two  angular 
locations  for  different  Rq/Rj  ratio  values,  where  1  and  2  correspond  to 
most  severe  and  less  severe  peak  tangential  stress  locations,  respectively. 
For  axial  loading,  stresses  along  the  critical  90-degree  line  are  listed  in 
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Table  3-3  for  five  values  of  R  /R^,  and  Equation  3-4  is  an  equation  for 
bearing  stress  concentration  factor  for  axial  loading  of  a  tapered  lug  with 
a  taper  angle,/?,  between  45  degrees  and  0  degrees  (i.e.,  straight  lug): 


tb 


max 


br 


0°  Ro 

(2.75  -  135)  (R^  - 


t)  -<0-675  - 


(3-4) 


Stress  intensity  factor  results  obtained  using  the  cracked  element  are 
listed  in  Table  3-4  for  axial  tension  loading  of  45-degree  tapered  lugs 
having  R^R^  ratios  from  1.5  to  3.0.  Off-axis  loading  solutions  for  stress 
intensity  factor  are  plotted  in  'Figures  3-5  and  3-6  for  a  tapered  lug  with 
IWR^  s  2.25,  loaded  in  the  -45  and  -90  degree  directions,  with  a  crack  at 
either  of  the  two  most  critical  orientations. 

For  corner  cracks  in  tapered  lugs,  either  corner  crack  correction 
factor  can  be  used  in  conjunction  with  the  appropriate  through-the-thick- 
ness  stress  intensity  factors.  For  problems  involving  bushings  or  stresses 
above  the  material  yield  strength,  the  weighting  function  methods  would  be 
applicable,  but  now  Green’s  functions  would  be  needed  for  tapered  lugs  and 
for  each  new  loading  direction  and  crack  orientation.  As  an  approximation, 
the  Green's  function  for  the  axially-loaded  straight  lug  with  the  same 
RQ/Ri  ratio  may  be  used,  although  the  accuracy  of  this  approximation  is 
questionable,  particularly  for  off-axis  loading. 


3.  FATIGUE  CRACK  GROWTH  COMPUTATION 


An  automated  computer  program  has  been  developed  using  state-of-the- 
art  methodologies  for  prediction  of  residual  strength  and  fatigue  crack 
growth  behaviors  of  single  through-the-thickness  cracks  and  single  corner 
cracks  at  attachment  lugs.  This  crack  growth  analysis  program  is_  de¬ 
scribed,  and  user’s  instructions  are  presented,  in  [51.  The  program 
includes  the  following  four  elements: 

o  Stress  intensity  factor  solution 
o  Baseline  crack  growth  rate  relationship 
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*Excrapolated  Values 


NORMALIZED  CRACK  LENGTH,  c/R. 


Figure  3-5.  Normalized  Stress  Intensity  Factors  for  Single 
Through-the-Thickness  Crack*  Emanating  from  a 
Tapered  Lug  Subjected  to  a  Pin  Loading  Applied 
in  -45  and  its  Reversed  Directions 
(RQ/Ri  =  2.25) 


NORMALIZED  CRACK  LENGTH,  c/R. 


Figure  3-6 .  Normalized  Stress  Intensity  Factors  for  Single 
Through-the-Thickness  Cracks  Emanating  from  a 
Tapered  Lug  Subjected  to  a  Pin  Loading  Applied 
in  -90  and  its  Reversed  Directions 
(RQ/Ri  =  2.25) 
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o  Applied  load  sequence 
o  Spectrum  load-interaction  model. 

Stress  intensity  factor  solutions  for  attachment  lugs  developed  under 

this  contract  for  a  variety  of  structural  and  loading  complexities  are 

given  in  [2]  and  are  incorporated  in  the  program. 

The  optional  baseline  crack  growth  rate  relationships  embedded  in  the 

program  are  those  of  Paris,  Forman,  and  Walker.  The  optional  spectrum 

load-interaction  models  incorporated  in  the  program  are:  the  Wheeler, 

Willenborg,  Generalized  Willenborg,  and  Hsu  models,  or  assuming  no  load 

interaction.  The  stress  levels  which  comprise  each  individual  mission 

segment,  and  from  which  a  mission  mix  spectrum  can  be  generated,  may  be 

input  in  five  optional  ways:  as  maximum  stress  (a  )  and  stress  ratio  (R); 

max 

a  and  minimum  stress  (.a  .  );  a  and  mean  stress  (c  ):  a  and 

max  min  max  mean  mean 

alternating  stress  (<?,.);  or  R  and  stress  range  (A(f) .  The  program  pre- 

six 

diets  the  crack  growth  using  a  bloek-by-block  integration  technique. 

For  through-the-thickness  cracks,  either  the  compounding  solution  or 
the  Green's  function  solution  can  be  used  in  the  prediction.  In  predicting 
the  growth  behavior  of  a  single  corner  crack,  the  through-the-thickness 
crack  solution  may  be  modified  by  either  the  one-parameter  (i.e.,  constant 
a/c  ratio)  or  two-parameter  method.  For  one-parameter  analysis,  the 
prediction  is  straightforward  and  is  similar  to  through-the-thickness  crack 
prediction.  For  two-parameter  analysis,  it  is  assumed  that  for  a  given 
number  of  applied  load  cycles r  the  extension  of  the  quarter  elliptical 
crack  border  is  controlled  by  the  stress  intensity  factors  at  the  inter¬ 
section  of  the  crack  periphery  at  the  hole  wall  and  the  lug  surface,  i.e., 

K.  and  K„.  In  general,  the  stress  intensity  factors  at  these  two  locations 
A  l. 

are  different,  resulting  in  different  crack  growth  rates.  Therefore,  the 
new  flaw  3hape  aspect  ratio  after  each  crack  growth  increment  will  be 
different  from  the  preceding  one.  The  new  crack  aspect  ratio  is  computed 
using  the  new  crack  lengths  on  both  the  hole  wall  and  lug  surface.  The 
process  will  be  repeated  until  the  crack  length  along  the  hole  wall  is 
equal  to  the  lug  thickness.  At  that  time  the  transitional  crack  growth 
criterion  is  used  until  the  crack  has  achieved  a  uniform  format.  After 
that,  if  the  failure  has  not  occurred,  a  one-dimensional  through-the- 
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thickness  crack  analysis  is  used  to  continuously  predict  the  subsequent 
crack  growth  life.  The  analysis  is  considered  to  be  complete  when  fracture 
occurs  or  when  the  desired  final  crack  length  or  the  maximum  usage  time  is 
reached. 

4.  REVISED  ANALYSIS  METHODS 


Methodology  improvements,  new  finite  element  solutions,  and  a  new 
analysis  method,  developed  after  the  completion  of  [2],  were  reported  in 
C33. 

Two  method  improvements  were  attempted.  First,  net  jection  yielding 
was  established  as  an  alternative  failure  criterion  for  a  lug;  equations 
for  critical  crack  size  based  on  net  section  yielding  were  presented  for 
several  crack  configurations.  The  second  was  an  unsuccessful  attempt  to 
improve  the  compounding  method  solution  presented  in  [2]. 

New  finite  element  solutions  were  obtained  for  tapered  lugs  with  steel 
bushings  and  the  simulated  wing-pylon  attach  lug. 

Finally,  a  new  analytical  method  was  developed  to  account  for  separa¬ 
tion  between  a  lug  and  bushing  during  loading.  First,  the  finite  element 
model  for  the  wing-pylon  lug  was  revised  to  model  lug-bushing  separation 
with  an  unknown  region  of  radial  contact.  Figure  3-7  shows  the  increase  in 
stresses  at  a  given  load,  compared  to  assuming  intimate  contact  between 
bushing  and  lug.  Used  with  the  Green’s  function,  these  increased  stresses 
result  in  increased  values  of  stress  intensity  factor,  correcting  a  source 
of  unconservatism  in  the  former  analysis  method.  Secondly,  an  approximate 
method  was  proposed  to  estimate  the  stresses  by  assuming  that  the  bushing 
and  pin  act  together  as  a  larger  pin. 


TANGENTIAL  STRESS  AT  X,  KSI 


APPLIED  LOAD  P,  MPS 


Figure  3-7.  Comparison  of  Calculated  Tangential  Stress  on  the 
Eventual  Crack  Path  in  the  Simulated  Wing-Pylon 
Lug,  Assuming  Lug-Bushing  Separation  or  Intimate  Contact 


SECTION  IV 


CRACK  GROWTH  TEST  RESULTS  AND  CORRELATIONS 


The  results  of  the  damage  tolerance  predictions,  tests,  and  correla¬ 
tions  (Tasks  IV,  V  and  VI),  as  reported  in  [3] ,  are  summarized  in  this 
section. 

1 .  EXPERIMENTAL  PROGRAM 


The  main  objective  of  the  experimental  program  was  to  provide  data  to 
evaluate  and  verify  the  developed  stress  intensity  factors  and  crack  growth 
analysis  methods  and  to  assii  the  development  of  the  initial  flaw  assump¬ 
tions  for  the  damage  tolerance  design  criteria  for  aircraft  attachment 
lugs. 

The  experimental  program  was  first  divided  into  two  groups,  namely 
Group  I  and  Group  II.  The  main  objectives  of  the  Group  I  tests  were  to 
obtain  basic  material  property  data  and  to  generate  basic  data  on  lugs  to 
evaluate  and  verify  the  analysis  methods  developed  in  this  program.  The 
main  objective  of  the  Group  II  tests  was  to  evaluate  the  applicability  of 
these  methodologies  to  more  complex  situations  typical  of  actual  aircraft 
lug  design  practices. 

The  two  groups  of  tests  were  performed  sequentially,  Group  I  first  at 
Lockheed-Georgia  Company  and  Group  II  second  at  Lockheed-California 
Company. 

The  Group  I  tests  are  summarized  in  Table  4-1  and  consisted  of  a 
comprehensive  3tudy  of  axially-loaded  straight-shank  lugs.  Figure  4-1 (a). 
A  total  of  192  lugs  (including  16  crack  initiation  tests)  were  tested  in 
Group  I,  as  well  as  32  material  characterization  specimens. 

Crack  growth  testing  covered  two  different  materials  (7075-T651  Alum¬ 
inum  and  4340  Steel),  three  different  outer  to  inner  radius  ratios  = 
1.50,2.25  and  3.0),  two  different  positive  stress  ratios  (R  =  0.1  on  0.5) » 
two  different  initial  crack  geometries  (single  corner  and  single  through- 
the-thickness),  and  two  different  stress  levels  (peak  notch  stress  above 
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4 

and  below  yield),  in  almost  a  full  3x2  test  matrix.  Additional  Group  I 
crack  growth  testing  considered  block  and  flight  simulation  spectrum  load¬ 
ing,  lugs  with  shrink-fit  bushings,  and  thinner  lugs  ( 21^/15=6. 0  instead  of 
3.0).  Other  Group  I  tests  included  fatigue  tests  of  uncracked  lugs,  resi¬ 
dual  strength  tests  of  lugs,  and  material  characterization  tests. 

Group  II  testing  employed  the  lug  geometries  and  loading  directions 
sketched  in  Figure  4-1 (b).  Seventy-six  lugs  with  corner  precracks  were 
fatigue  crack  growth  tested  in  the  four  matrices  of  tests  listed  in  Table 
4-2.  In  addition,  there  were  8  crack  initiation  tests  of  lugs  and  11 
compact  tension  crack  growth  testa  for  Group  II. 

Major  variables  addressed  in  the  Group  II  tests  include  nominal  dia¬ 
metrical  pin  clearances  of  0.005  inch,  0.0015  inch  and  0.0030  inch;  pin 
lubrication  (greased  or  dry);  lug  shape  (straight,  tapered,  dogbone, 
clevis) ;  off-axis  loading  (-45  degrees  or  -90  degrees  to  lug  axis) ;  initial 
crack  criticality  (two  angular  locations);  shrink-fit  bushings  (bushed  or 
unbushed);  and  scale-up  effects  (2R^s0.625»  1.0  or  1.5  in.).  Also  included 
in  Group  II  were  complex  redundant  structural  lugs,  load  reversals,  and 
flight  simulation  spectrum  loading.  Aluminum  was  used  in  72  of  the  84  lugs 

tested.  Finally,  in  specifying  thickness  B,  outer  radius  R  ,  and  inner 

o 

radius  Ri  for  the  Group  II  specimens,  an  effort  wa3  made  to  select  values 
of  the  ratios  Rq/R^,  2RJ/B,  and  (Rq-R^)/B  representing  the  full  range  for 
actual  aircraft  lugs. 


2.  RESULTS  AND  CONCLUSIONS  FROM  GROUP  I  TESTS 

All  the  aluminum  lugs  with  no  preflaws  subjected  to  fatigue  crack 
initiation  tests  had  both  primary  and  secondary  flaws  and  failures.  For 
steel  lug  crack  initiation  tests,  some  specimens  did  not  have  any  secondary 
origins.  The  fatigue  threshold  of  the  steel  lugs  was  above  14  ksi,  and 
thus  the  stress  levels  were  increased  to  conduct  the  crack  initiation 
tests. 

In  residual  strength  tests,  failures  of  all  the  corner  crack  and  some 
through-the-thickness  crack  specimens,  the  failures  were  due  to  net-section 
yielding  rather  than  the  exceedance  of  the  critical  stress  intensity 
values.  Accuracy  of  predicted  residual  strength  is  shown  in  Figure  4-2. 


TABLE  4-2.  SCOPE  OF  GROUP  II  CRACK  PROPAGATION  TESTS 
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Figure  4-2.  Accuracy  of  Residual  Strength  Predictions  for  Group  I  Tests 
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Final  failure  of  lugs  following  fatigue  crack  growth  testing  also 
tended  to  be  by  a  net-section  yielding  phenomenon  rather  than  by  exceedance 
of  a  critical  stress  intensity  factor  value  for  most  of  the  specimens.  The 
exceptions  were  the  specimens  loaded  so  that  the  peak  stress  at  the  lug 
hole  was  above  the  yield  strength  of  the  material. 

For  through-the-thickness  cracks,  the  2-D  finite  element  method  and 

Green's  function  method  are  found  to  be  reliable  and  versatile.  The 

compounding  method  also  gave  excellent  performance,  especially  in  the 

context  of  the  simplicity  of  the  method.  The  compounding  method  predicted 

conservative  lives  for  R  /R.  =  1.5  and  unconservative  lives  for  R  /R.  = 

o  i  o  i 

2.25  and  3.0  when  compared  with  the  Green's  function  method.  Efforts  to 
improve  the  compounding  method  were  unsuccessful.  However,  one  can  use  the 
compounding  method  with  reasonable  confidence  to  predict  life,  at  least  as 
a  first  approximation  when  no  other  solutions  are  available.  This  program 
recommends,  however,  the  use  of  the  Green's  function  method  for  more 
accurate  predictions  of  crack  growth  behavior  and  life.  A  typical  result 
of  a  through-the-thickness  crack  growth  behavior  in  an  aluminum  lug 
subjected  to  constant-amplitude  loading  with  analytical  predictions  by  the 
compounding  and  the  Green's  function  methods  is  given  in  Figure  4-3. 

For  corner  crack  problems,  the  two-parameter  corner  crack  correction 
factors  modifying  the  through-the-thickness  crack  solution  are  found  to 
make  excellent  predictions  for  the  crack  growth  behavior  and  life.  The 
predictions  of  crack  aspect  ratio,  a/c,  can  be  considered  only  satisfac¬ 
tory.  The  actual  a/c  ratios  were  slightly  higher  than  predicted.  The 
one-parameter  corner  crack  approach  also  yielded  reasonable  crack  growth 
and  life  predictions,  but  is  also  only  approximate  since  the  experimental 
aspect  ratios  were  not  constant  as  assumed  in  this  approach.  A  typical 
corner  crack  result  is  given  in  Figure  4-4. 

The  experimental  data  scatter  in  the  aluminum  lugs  at  both  stress 
levels,  6  and  15  ksi,  is  very  minimal  for  R0/R^  ratios  of  2.25  and  3.0,  but 
is  larger  for  the  Rq/R^  ratio  of  1.5.  The  authors  believe  that  this  may  be 
due  to  the  fact  that  these  smaller  lugs  have  high  stress  concentrations, 
which  may  make  them  very  sensitive  to  parametric  variations,  for  example 
the  loading  pin-lug  clearance. 
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CRACK  LENGTH,  c.  INCH 


Figure  4-3.  Through-the-Thickness  Crack  Growth  Data  and  Prediction, 
Aluminum  Lug,  R^R^.25,  <?q=6  ksi,  R=0.1 
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Figure  4-4.  Corner  Crack  Growth  Data  and  Prediction 
Aluminum  Lug,  Rq/R^=3.C^  cro=6  KSI,  R=0.1 


The  authors  also  believe  that  the  pin-to-lug  rigidity  ratio,  E  .  / 

pin 

E^  ,  and  large  deformation  of  the  lug  due  to  pin  loading  may  have  in¬ 
fluenced  the  crack  growth  behavior  and  life.  However,  such  effects  were 
predominant  only  in  small  lugs  with  RQ/R^  =  1.5  and  diminished  as  the  Rq/Rj^ 
ratio  was  increased. 

Failure  of  corner  crack  specimens  was  predicted  prior  to  transition 

for  R  /R.  =  1.5,  but  transitional  and  subsequent  through-the-thickness 

o  i 

crack  growth  behaviors  were  predicted  for  Rq/Rj^  =  2.25  and  3.0.  In  almost 
all  cases  this  agreed  with  the  experimental  results.  Figure  4-4  also  shows 
a  sample  correlation  of  experimental  and  analytical  predictions  of  transi¬ 
tional  and  through-the-thickness  growth  of  initial  corner  cracks. 

In  the  cases  of  lug  specimens  subjected  to  load  levels  that  induced 
peak  local  stresses  above  the  yield  strength  of  the  material,  there  were 
many  difficulties  in  conducting  these  tests  including  premature  failure  and 
the  presence  of  a  large  number  of  natural  cracks.  Tne  analysis  procedure 
developed  using  the  Green’s  function  and  the  elasto-plastic  stress  distri¬ 
bution  was  also  found  to  be  inaccurate  as  shown  in  Figure  4-5.  Also,  the 
analysis  predicted  increasing  life  as  Rg^  increases,  whereas  the  experi¬ 
mental  data  for  initial  through-the-thickness  cracks  (but  not  for  initial 
corner  cracks)  show  the  opposite  trend  of  increasing  life  as  Rg^  de¬ 
creases.  The  correlation  could  have  been  improved  further  by  the  use  of 
cyclic  stress-strain  data  instead  of  the  monotonic  stress-strain  data  used 
in  the  analysis.  Even  such  an  improvement  may  not  have  been  sufficient  to 
explain  the  above  phenomenon  and  one  may  have  to  resort  to  the  use  of 
special  plastic  crack-tip  elements  embedding  the  HRR  (Hutchinson-Rice- 
Rosengren)  type  singularity. 

In  all  the  spectrum  loading  cases,  the  Hsu  and  the  Generalized  Willen- 
borg  retardation  models  predicted  almost  identical  crack  growth  behavior 
and  lives.  These  models  predicted  solutions  which  were  in  excellent  agree¬ 
ment  with  experimental  data  for  most  of  the  cases  as  depicted  in  Figure 
4-6.  The  solutions  were  unconservative  only  for  steel  specimens  subjected 
to  fighter  spectrum  loading,  and  no  reasonable  explanation  could  be  found 
for  this  discrepancy.  The  Willenborg  model  results  were  unconservative  by 
a  factor  of  about  2  to  5  when  compared  with  Hsu  or  Generalized  Willenborg 

model.  The  no-retardation  model  predicted  lives  which  were  about  half  of 
the  lives  predicted  by  the  Hsu  or  the  Generalized  Willenborg  model. 
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CRACK  LENGTHS,  INCH 


[A]  HSU 

[B]  GENERALIZED  WILLENBORG 

[C]  WILLENBORG 

[D]  NO  RETARDATION 


Figure  4-6  .  Corner  Crack  Growth  Data  and  Prediction,  Steel  Lug, 
Rq/R^=2.25,  Cargo  Spectrum  Loading 


V  t 


The  b.  shing  installation  procedure  introduced  some  blunting  of  the 
crack  tip  due  to  the  high  interference  levels.  This  in  turn  sometimes 
retarded  the  initial  crack  growth  and  resulted  in  conservative  life  predic¬ 
tions. 

Extensive  experimentation  was  made  to  select  block  and  flight-by- 
flight  spectra  which  would  introduce  markings  on  the  fracture  surface  so 
that  the  corner  crack  aspect  ratio  could  be  monitored.  Such  efforts  were 
unsuccessful  due  to  the  constraints  imposed  by  the  present  program. 
However,  maximum  information  was  extracted  from  these  tests  by  monitoring 
the  back  surface  crack  lengths  after  the  crack  had  broken  through  the 
thickness. 

Figure  4-7  shows  the  accuracy  of  crack  growth  life  predictions  for  all 
the  160  Grouo  I  crack  growth  specimens.  Here  each  data  point  is  the 
geometric  mean  duplicate  test  results.  This  figure  indicates  that 
approximately  98  percent  of  crack  growth  life  predictions  for  straight  lugs 
would  be  within  a  factor  of  3.0  of  the  test  results.  Of  the  160  test 
results,  the  life  ratios  for  126  results  fall  within  the  band  of  0.5  to 
2.0.  Giving  allowance  for  some  of  the  analytical  and/or  experimental 
difficulties  cited  above,  a  very  satisfactory  performance  of  all  the 
analytical  methods  developed  in  this  program  is  indicated  by  this  correla¬ 
tion. 

3.  RESULTS  AND  CONCLUSIONS  FROM  GROUP  II  TESTS 

Crack  growth  life  of  a  lug  is  longer  if  the  pin  clearance  is  smaller, 
based  on  tests  of  lugs  with  nominal  diametrical  pin  clearances  of  0.0005 
inch,  0.0015  inch,  and  0.0030  inch.  Results  for  straight  lugs  are  shown  in 
Figure  4-8.  Note  that  lubricant  applied  to  the  pin  before  testing  failed 
to  have  the  expected  beneficial  etfect.  Apparently,  judging  from  fretting 
evidence,  the  lubricant  did  not  significantly  reduce  the  frictional  shear 
stresses  at  the  pin-lug  interface. 

For  the  same  magnitude  of  axial  load  and  the  same  ratio,  the 
crack  growth  life  of  a  tapered  lug  is  longer  than  that  of  a  straight  lug, 
which  is  consistent  with  analytical  prediction.  The  life  of  a  dogbone¬ 
shaped  lug  is  somewhat  shorter  than  that  of  a  straight  lug,  but  the 
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Figure  4-8.  Results  of  Pin-Clearance  Study,  Axially-Loaded 
Straight  Lugs 


9  straight  lug  analysis  can  be  used  as  an  approximation.  These  test  life 
comparisons  are  shown  in  Figure  4-9. 

A  steel  shrink-fit  bushing  in  an  aluminum  lug,  with  typical  production 
interference  of  Ar/r  =  0.0020,  will  tend  to  separate  from  the  lug  when 
loaded.  If  this  separation  is  not  accounted  for  in  the  analysis,  growth 
life  can  be  overestimated  by  a  large  factor  (4.4  to  22  in  these  tests). 
Separation  can  be  conservatively  represented  by  modeling  the  pin  and 
bushing  together  as  a  larger  (frictionless)  pin.  Figure  4-10  shows  a 
typical  example  of  the  data  and  the  two  predictions,  with  and  without 
considering  separation  at  the  lug-bushing  interface. 

Stress  intensity  factors  obtained  from  crack-tip  finite  element  analy¬ 
sis  of  off-axis-loaded  tapered  lugs  were  available  for  c/(Rq-R^)  <  0.95. 
Within  this  range,  crack  growth  predictions  tended  to  be  mildly  conserva¬ 
tive.  Crack  growth  in  off-axis  loaded  tapered  lugs  was  complicated  by  the 
following  phenomena,  as  observed  in  Figure  4-11: 

o  The  cracks  grew  to  lengths  far  beyond  the  range  covered  by  FEM 
analysis,  necessitating  major  extrapolation  of  the  K  vs.  c  rela¬ 
tionship. 

o  Crack  growth  was  non-radial  and  non-coplanar,  especially  in  steel 
(but  in  aluminum  also). 

o  There  was  a  tendency  for  the  crack  to  branch  in  an  alternative 
direction.  Usually  the  secondary  crack  would  cease  propagating, 
prolonging  the  growth  life  of  the  primary  crack.  However,  in 
steel  specimen  No.  T1-S-4  the  growth  of  the  secondary  crack 
eventually  caused  specimen  failure. 

Despite  these  complexities  the  life  predictions  for  these  specimens 
were  normally  within  a  factor  of  2  of  the  test  results  and  tended  to  be 
conservative.  Predictions  for  the  steel  lugs  were  especially  accurate. 

The  shrink-fit  steel  bushings  in  the  off-axis  loaded  steel  tapered 
lugs  had  a  very  small  effect  on  crack  growth.  Although  bushing-lug  separa¬ 
tion  may  have  occurred,  it  did  not  strongly  effect  either  predicted  or  test 
life  like  it  did  in  aluminum  lugs  with  steel  bushings  (wherein  the 
bushing-to-lug  modulus  ratio  was  3:1). 

In  thick,  axially  loaded  straight  lugs  the  crack  tended  to  turn  out  of 
plane  as  seen  in  Figure  4-12  shortly  after  the  corner  crack  had  become  an 
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CRACK  GROWTH  LIFE,  THOUSANDS  OF  CYCLES 


Figure  4-9.  Effect  of  Lug  Geometry  on  Crack  Growth  Life 
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Figure  4-11.  Crack  Profiles  for  Steel  Tapered 
Lugs  Loaded  in  the  -90  Degree 
Direction 
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across-the-ligament  crack.  Subsequently  the  turned  crack  tended  to  slow 
down  and  stop,  necessitating  the  initiation  of  a  second  crack  to  bring 
about  lug  failure.  This  added  test  life  contributed  to  the  conservatism  of 
the  analysis  of  these  specimens. 

Even  while  a  corner  crack,  the  crack  growth  predictions  for  the  thick 
straight  lug  specimens  were  somewhat  inaccurate.  As  Figure  4-13  shows  the 
magnitudes  of  the  errors  in  prediction  were  similar  for  spectrum  loading 
and  constant  amplitude  loading,  but  differed  for  different  lug  sizes. 

The  redundant  wing-pylon  lug  analysis  required  special  finite  element 
modeling  to  account  for  the  lug  shape,  effects  of  fasteners  and  structural 
supports,  and  effects  of  a  shrink-fit  bushing  including  separation  at  the 
lug-bushing  interface.  The  Green's  function  for  an  axially  loaded  straight 
lug  had  co  be  used  for  this  complex  geometry  without  modification.  Spec¬ 
trum  loading  was  applied,  requiring  use  of  tne  Hsu  retardation  model.  No 
account  was  taken  for  redundancy  of  the  lug  or  load  transfer  between  the 
cracked  and  uncracked  member. 

The  fracture  surface  of  one  wing-pylon  attach  lug  specimen  is  shown  in 
Figure  4-14.  This  figure  describes  an  annotated  record  of  the  failure 
sequence,  showing  the  initial  crack  location  (I.C.),  and  sequence  of  events 
(failure  or  crack  initiation)  with  encircled  numbers  along  with  corre¬ 
sponding  flight  numbers  or  locations  of  crack  fronts.  Figure  4-15  is  a 
plot  of  crack  length  versus  flights  for  the  two  wing-pylon  specimens 
tested.  The  ordinate  shows  the  position  of  the  lug  hole  and  the  locations 
of  the  cracks  on  both  sides  of  the  hole  in  both  pieces  of  both  specimens. 
Also  included  in  this  figure  is  the  growth  prediction  for  the  initial  crack 
until  failure  of  the  first  ligament.  Despite  the  complexities  discussed 
above,  this  prediction  was  accurate  within  a  factor  of  2.0.  Note,  however, 
that  failure  of  the  first  ligament  did  not  cause  immediate  failure  of  the 
lug.  On  the  contrary,  the  total  test  lives  were  approximately  2.5  times 
the  time  to  first-ligament  failure.  These  tests  show  dramatically  the 
damage-tolerance  advantages  that  can  be  obtained  in  a  redundant  design  if 
the  initial  crack  occurs  in  only  one  member.  The  specific  advantages 
apparent  in  Figure  4-15  are; 
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-14.  Fracture  Surface  of  Simulated  Wing-Pylon  Lug  Specimen  R2-E- 


Figure  4-15.  Crack  Growth  in  Simulated  Wing-Pylon  Specimens  R2-E-1  and  R2-E- 


o  The  remaining  life  after  failure  of  the  initial  ligament  exceeded 
the  crack  growth  life  prior  to  ligament  failure,  because  of  a 
very  long  crack  reinitiation  period. 

o  The  damage  condition  throughout  this  reinitiation  period  was  a 
broken  1.2  inch  ligament,  which  would  be  highly  inspectable. 

o  The  crack  growth  rate  prior  to  ligament  failure  was  reduced  due 
to  load  shedding  to  the  neighboring  member. 

It  is  apparent  that  these  advantages  would  disappear  in  the  event  of 
a  compound  misfortune  in  which  both  members  in  the  redundant  lug  were  pre¬ 
flawed  equally. 

Figure  4-16  shows  the  ratio  of  test  life  to  predicted  life  for  all 
Group  II  specimens.  The  analytical  predictions  range  from  accurate  to 
conservative.  Note  that  nine  of  the  10  most  conservative  predictions  are 
for  aluminum  lugs  with  steel  bushings  with  standard  manufacturing  inter¬ 
ferences.  These  analyses  were  done  allowing  for  separation  between  the  lug 
and  bushing,  during  loading,  and  the  consistent  conservatism  results  from 
the  modeling  of  the  pin  and  bushing  together  as  a  larger  (frictionless) 
pin.  When  lug-bushing  separation  was  not  allowed  in  the  analysis,  the 
predections  were  unconservative  by  factors  of  4.4  to  22. 
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SECTION  V 


CRITERIA  ASSESSMENT 


Initial  flaw  requirements  for  damage  tolerance  design  analysis  of 
aircraft  attachment  lugs  are  recommended  in  this  section.  These  recommend¬ 
ed  requirements  have  been  developed  specifically  for  problems  of  fatigue 
cracking  and  based  on  fatigue  crack  growth  testing  and  analysis.  There¬ 
fore,  materials  and  structure  that  are  significantly  more  susceptible  to 
sustained  load  stress  corrosion  cracking  than  they  are  to  fatigue  cracking 
are  excluded  from  consideration  in  these  recommendations.  For  example, 
landing  gear  lugs  made  from  ultra-high  strength  (260-280  ksi)  steel  are 
excluded. 

Reference  [6]  provides  the  precedents  for  damage  tolerance  design 
requirements  for  metallic  aircraft  structure.  At  a  fastener  hole,  a  0.050- 
inch  radius  quarter-circular  corner  crack  must  be  assumed  to  exist  at  the 
time  of  manufacture  at  the  most  critical  location.  This  size  was  origin¬ 
ally  selected  by  the  collective  engineering  judgment  of  industry  and  Air 
Force  experts,  and  then  [83  verified  to  be  consistent  with  NDI  limits  for 
90  percent  reliable  detection  with  95  percent  confidence.  Besides  protect¬ 
ing  against  undetectable  crack-like  defects,  the  0.050-inch  crack  was  con¬ 
sidered  sufficiently  severe  to  protect  agair.st  other  types  of  possible 
undetected  defects  such  as  material  inclusions  and  tool  marks.  Since  hole 
drilling  was  considered  a  major  source  of  preflaws  at  fastener  holes, 
adjacent  members  that  are  both  drilled  together  in  a  single  operation  are 
assumed  to  both  contain  0.050-inch  radius  corner  cracks  at  the  same  loca¬ 
tion.  Additional  0.005-inch  radius  continuing  damage  corner  flaws  are 
required  at  neighboring  fastener  holes  as  a  conservative  way  to  represent 
virgin  fatigue  quality. 

1 .  INITIAL  FLAW  TYPE  AND  SIZE  FOR  LUGS 


A  corner  crack  is  a  common  initial  crack  type  in  attachment  lugs.  In 
fact.  Task  I  showed  that,  for  lugs  which  failed  by  fatigue  crack  growth, 
the  corner  crack  was  the  most  common  crack  type. 


Lugs  tend  to  be  more  highly  loaded  than  fastener  holes.  This  is 
confirmed  by  the  small  critical  crack  sizes  found  in  the  Task  I  cracking 
data  survey  (Figure  2-3).  Since  it  is  desired  to  avoid  undue  weight  pen¬ 
alties  when  damage  tolerance  design  criteria  for  lugs  are  introduced,  there 
is  a  desire  to  justify  the  use  of  smaller  assumed  initial  crack  sizes  for 
lugs  than  the  0.050-inch  crack. 

During  the  Task  II  evaluation  of  NDI  methods,  it  was  noted  that  the 
automatic  eddy  current  method  for  aluminum  and  magnetic  rubber  method  for 
steel  are  both  capable  with  good  reliability  of  finding  cracks  of  approxi¬ 
mately  0.025  inch  length,  measured  radially.  Furthermore  the  . jtential 
exists  to  enhance  the  reliability  of  NDI  for  these  sizes  by  any  of  several 
approaches,  including  improved  training  of  inspectors  and  the  use  of  multi¬ 
ple  independent  inspections.  It  can  also  be  argued  that  inspection  <^f  a 
lug  might,  by  nature,  be  more  intensive  and  hence  more  reliable  than  in¬ 
spection  of  fastener  holes,  in  view  of  the  large  number  of  fastener  holes 
in  a  typical  aircraft  joint  that  must  be  inspected.  This  more  intensive 
inspection  should  result  in  equivalent  reliability  for  a  lug  for  a  smaller 
crack  size,  compared  to  fastener  holes. 

Regarding  crack  shape,  data  from  Task  V  testing  and  from  the  Task  I 
survey  indicate  that  corner  cracks  in  lugs  tend  to  be  deeper  than  long  by  a 
factor  of  1.3  or  more.  However,  there  is  a  precedent  <\>]  for  using  a 
simple  quarter-circular  shape.  A  quarter-circular  shape  is  less  ambiguous 
to  apply  at  other  than  a  9C-degree  external  corner,  such  as  the  beveled 
corner  commonly  used  in  lugs.  Consequently  a  standard  assumption  of  0.030- 
inch  quarter-circular  initial  corner  crack  is  recommended  as  the  initial 
flaw  requirement  for  single  attachment  lugs. 

It  is  emphasized  that  no  quantitative  statistical  NDI  data  on  lugs 
were  found  in  the  Task  II  survey.  A  thorough  verification  program  par¬ 
alleling  that  of  Reference  [8]  would  be  needed  to  substantiate  that  this 
flaw  size  can  be  detected  in  lugs  with  90  percent  probability  and  95  per¬ 
cent  confidence. 

However,  inspectability  alone  is  inadequate  to  justify  initial  flaw 
sizes  for  damage  tolerance  requirements  for  attachment  lugs.  In  the 
cracking  data  survey  summarized  in  Section  II,  only  six  of  the  55  service 
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fatigue  failures  of  lugs  could  be  traced  to  initial  defects.  Improved  ini¬ 
tial  inspection  could  have  done  nothing  to  prevent  the  other  49  failures. 
Thus,  considerations  other  than  inspectability  are  necessary  if  the  cri¬ 
teria  are  to  have  the  desired  effect  of  reducing  the  number  of  fatigue 
failures.  These  other  considerations  include  manufacturing  quality,  which 
prevents  the  occurrence  of  rogue  defects  or  limits  their  size. 

In  addition  to  the  possibility  of  more  careful  inspections,  manufac¬ 
turing  quality  is  more  closely  controlled  for  a  lug  than  for  large-scale 
mechanically  fastened  structure.  The  fixed,  hard  tooling  used  in  reaming 
or  boring,  with  controlled  feed  and  speed  and  the  use  of  coolant,  must  be 
used  in  order  to  achieve  the  close-tolerance  holes  required  for  lugs.  The 
machines  are  designed  for  precision  work,  are  carefully  maintained  and  are 
operated  by  experienced  craftsmen. 

In  recommending  the  0.030-inch  initial  crack,  the  authors  assume  that 
damage  tolerance  critical  lugs  will  not  only  be  carefully  inspected,  but 
also  carefully  manufactured.  Like  the  0.050-inch  crack  at  a  fastener  hole, 
it  is  assumed  that  the  0.030-inch  crack  in  a  lug  is  severe  enough  to  pro¬ 
tect  against  other  types  of  undetected  defects  such  as  inclusions  and  tool 
marks. 

2.  FLAW  MULTIPLICITY  FOR  REDUNDANT  LUGS 


An  intent  of  damage  tolerance  requirements  is  to  protect  against  the 
worst  reasonably  possible  case.  Fatigue  tests  of  lugs  commonly  show  mul¬ 
tiple  crack  origins  [13.  Therefore  flaw  multiplicity  must  be  considered. 
The  precedent  for  mechanically  fastened  redundant  structure  other  than  lugs 
[6]  is  to  assume  an  equal  corner  crack  in  each  member  where  the  fastener 
hole  is  produced  simultaneously  in  both  members  by  a  common  drilling  opera¬ 
tion. 

Data  from  tests  in  this  program  (Figure  4-15)  and  in  the  literature 
[93  have  dramatically  demonstrated  the  potential  benefits  of  redundant  lug 
design,  provided  that  only  one  member  contains  a  preflaw.  First,  the  crack 
growth  rate  is  slowed  due  to  load  shedding  from  the  cracked  member  to  the 
uncracked  member.  Secondly,  after  the  first  ligament  breaks  there  is  an 
initiation  period  that  precedes  further  cracking;  in  the  tests  in  this 
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program  (Figure  4-15)  the  duration  of  the  initiation  period  exceeded  the 
prior  crack  growth  period,  which  more  than  doubled  the  crack  growth  life. 
Thirdly,  throughout  that  long  initiation  period  the  existing  damage  in  the 
lug  (a  broken  ligament)  is  highly  inspectable. 

However,  if  the  precedent  in  [6]  were  followed  in  requirements  for 
lugs,  equal  0.030-inch-radius  corner  cracks  would  be  assumed  in  each  member 
of  a  redundant  lug,  because  alignment  of  the  holes  requires  that  the  fin¬ 
ishing  operation  on  the  lug  hole  be  done  to  both  pieces  simultaneously 
after  assembly.  Then,  if  both  pieces  were  assumed  equally  cracked,  the 
benefits  of  redundancy  would  be  lost  and  the  two-piece  design  would  actu¬ 
ally  become  worse  (by  calculation)  than  the  comparable  one-piece  design. 

Although  obviously  conservative,  this  may  not  be  the  best  initial  flaw 
assumption  for  redundant  lugs.  The  rogue  defect  by  definition  has  an 
extremely  remote  probability  of  occurrence.  Therefore  the  probability  of 
two  simultaneous  rogue  defects  at  the  two  adjacent  worst  locations  seems 
too  •■•'.likely  to  use  as  the  focal  issue  that  decides  the  acceptability  or 
unacceptability  of  the  lug  design. 

The  multiple  origins  that  were  noted  in  [1]  resulted,  not  from  two 
coincidental  crack-like  rogue  defects,  but  from  fatigue  initiaton  of  virgin 
(unflawed)  lugs.  The  0.005-inch  radius  crack  is  used  in  [6]  to  represent 
virgin  fatigue  origins,  but  for  that  purpose  can  be  quite  conservative. 
Results  of  past  tests  [10],  demonstrating  this  conservatism,  are  shown  in 
Figure  5-1.  Five  sets  of  fastener  hole  specimens  were  fatigue  tested. 
Within  each  set  were  three  groups  of  specimens.  A  0.005-inch  corner  crack 
at  a  hole  was  fatigue-induced  into  each  specimen  of  the  first  group.  A 
0.020-inch-deep  scratch  was  introduced  at  the  corresponding  location  of  the 
specimens  in  the  second  group,  using  diamond  paste  abrasive  and  a  gentle 
sawing  action  to  minimize  the  favorable  residual  stresses.  Therefore, 
these  flaws  were  conservative  representations  of  actual  machine  marks, 
which  would  be  not  as  deep  and  have  high  residual  stresses.  Specimens  in 
the  third  group  were  not  preflawed.  Under  identical  fatigue  loading,  the 
specimens  with  initial  corner  cracks  and  those  with  razor  blade  flaws  had 
equal  fatigue  lives,  and  significantly  shorter  lives  than  the  unflawed 
specimens.  Thus,  these  tests  showed  that  not  only  were  the  .005-inch 
cracks  very  conservative  for  representing  unflawed  holes,  but  also  for 


representing  flaws  such  as  scratches  or  machine  marks,  which  are  not 
crack-like. 

The  authors  suggest  that  t.ie  key  to  the  dilemma  of  redundancy  versus 
crack  multiplicity  is  to  recognize  that  there  are  two  different  types  of 
initial  defects  -  the  crack-like  rogue  defect,  and  those  flaws  which  occa¬ 
sionally  occur  in  multiples  but  are  not  crack-like  -  and  to  consider  them 
separately.  Therefore,  a  candidate  requirement  is  recommended  for  redun¬ 
dant  lugs  by  which  the  more  severe  of  the  following  two  assumptions  is 
made: 

(a)  One  0.030-inch  radius  quarter-circular  corner  crack  is  assumed  in 
the  worst  location  of  one  member,  representing  a  rogue  defect. 
Typical  initial  fatigue  quality  is  assumed  in  all  other  members. 

(b)  All  adjacent  members  including  the  primary  member  are  assumed  to 
contain  equal  0.005-inch  quarter-circular  initial  corner  crack. 

In  general,  relevant  fatigue  data  are  needed  to  quantitatively-  define 
"typical  initial  fatigue  quality"  in  Assumption  (a).  In  the  absence  of 
such  data,  a  0.005-inch  initial  quarter-circular  corner  crack  is  assumed:  In 
each  secondary  member,  in  which  case  Assumption  (a)  (being  the  more  severe! 
will  pre-empt  Assumption  (b). 

The  current  analysis  method  for  predicting  secondary  cracking  in 
conjunction  with  Assumption  (a)  is  the  Equivalent  Initial  Quality  Method: 
[113.  By  this  method  fatigue  life  data  are  used  with  the  help  of  fracto- 
graphic  data  to  back-calculate  an  equivalent  initial  flaw  size  which  repre¬ 
sents  typical  initial  fatigue  quality.  This  initial  flew  size  is  then 
assumed  in  all  secondary  members  of  a  multi-load-path  lug  per  Assumption 
(a).  The  growth  of  this  flaw  is  predicted  using  a  growth  rate-  relationship 
consistent  with  the  relationship  used  with  the  original  fatigue  data  to 
back-calculate  that  flaw  size  in  the  first  place.  Of  course,  altemativer 
analysis  methods  such  as  the  method  described  in  Heference  [12]  should  not 
be  ruled  out  if  they  can  be  shown  to  be  sramd. 

The  0.005-inch  cracks  in  Assumption  (b)  are  intended  to  conservatively 
represent  any  defects  that,  if  present,  are  likely  to  occur  equally  in  borh 
members.  Two  examples  are  unexpected  early  fatigue  or  fretting  cracks,  or 
scratches  which  occur  while  reaming  or  boring  the  lug  hole  or  installing 
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the  bushing.  The  0.005-inch  size  is  based  upon  engineering  judgement  which 
assumes  care  in  manufacturing  of  attachment  lugs,  and  upon  the  data  shown 
in  Figure  5-1. 

This  dual  criterion  would  give  appropriate  credit  for  the  redundancy, 
but  also  would  protect  against  all  reasonably  possible  sources  of  single  or 
multiple  defects.  The  authors  recognize  that  this  proposed  criterion 
differs  from  the  approach  of  [6],  which  has  existed  for  over  10  years. 
However,  during  those  10  years  there  has  been  a  sustaining  concern  that  the 
use  of  redundant  structure,  which  was  long  regarded  as  the  most  damage 
tolerant  structural  concept,  is  discouraged  by  the  criteria.  These  recom¬ 
mendations,  if  accepted  for  lugs,  may  provide  a  proving  ground  for  later 
improvements  of  MIL-A-83W  for  all  aircraft  structure. 

3.  SUMMARY  OF  INITIAL  FLAW  RECOMMEHDATIONS 


Table  5-1  summarizes  the  recommended  initial  flaw  sizes  for  damage 
tolerance  analysis  of  attachment  lugs.  For  single  lugs  the  recommended 
initial  flaw  size  is  a  quarter-circular  corner  crack  with  a  radius  (r)  of 
0.030-inch.  For  multi-piece  lugs,  the  recommended  initial  flaw  conditions 
are  either  (1)  a  quarter-circular  corner  crack  of  r  =  0.030-inch  in  one 
piece  and  the  other  pieces  have  typical  initial  fatigue  quality,  or  (2) 
quarter-circular  corner  cracks  of  r  =  0.005-inch  in  all  pieces;  whichever 
is  more  severe. 

The  0.030-inch  crack  size  is  intended  to  be  consistent  with  inspection 
capabilities  for  crack-like  defects  in  lugs  corresponding  to  a  90  percent 
probability  of  detection  and  a  95  percent  confidence  limit,  and  is  intended 
to  be  severe  enough  to  protect  against  other  types  of  unrepaired  defects 
such  as  inclusions  and  tool  marks.  The  0.005-inch  cracks  are  intended  to 
be  as  severe  as  any  initial  flaw  that  has  a  reasonable  possibility  of 
occurring  in  multiples  in  redundant  lugs,  due  to  causes  such  as  fatigue, 
fretting,  scratches,  etc. 

Thus,  these  candidate  recommendations  are  made  assuming  extreme  care 
in  both  manufacturing  and  inspection  of  potentially  damage  tolerance 
critical  attachment  lugs. 
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